A problem addressed of toxicity of vanadium in the Ti-6Al-4V used as biomedical implant has been. A library of the new type of titanium alloys composed of non-toxic elements, such as Ti, Al, and Fe with lower modulus of elasticity and greater corrosion resistance has been fabricated by direct metal deposition technique. The resistance to electrochemical corrosion in Hanks solution of each titanium based alloy was tested cyclic voltammetry and polarization method.
Introduction
The discovery of new materials with enhanced properties such as super hard and biocompatible materials with high corrosive resistance in physiological media is a timeconsuming and unpredictable trial-and-error process, made even more difficult by the increasing complexity of modern materials (1, 2) .
Compared to the conventional one-alloy-at-a-time approach, the combinatorial materials science approach increases the efficiency of research by coupling parallel synthesis of large libraries of compositions with an effective screening for desired properties and allows saving time (3, 4) .
The direct metal deposition (DMD) technology allows making the combinatorial libraries from multiple metals (1, (5) (6) (7) . A set of the materials with different composition is used to perform the metallographic, structural, and electrochemical screening testing.
Titanium alloys having high strength-to-density ratio are attractive for bioimplant needs. The excellent corrosion resistance of titanium alloys results from the formation of very stable, continuous, highly adherent, protective oxide films on metal surfaces. Because titanium is highly reactive and has an extremely high affinity for oxygen, these beneficial surface oxide films form spontaneously and instantly when fresh metal surfaces are exposed to air and moisture.
The most common titanium alloy in biomedical engineering is Ti-6Al-4V. This alloy includes vanadium which has recently been suspected for toxic effects in human body (8) . Thus, substitution for a less toxic element is desirable. Iron appears to be a good choice due to its low toxicity.
The ratio of titanium, aluminum, and iron determines the properties of final material. To find this ratio is possible with the help of the combinatorial libraries made by DMD.
The purpose of this study is to investigate the electrochemical properties of the DMD fabricated Ti-xAl-yFe alloys in synthetic biological solution (Hanks type) (8) .
Experimental
Powders of pure Ti and Al, as well as Fe alloy H13 1 , were used in preparation of the Ti-xAl-yFe alloys. DMD 3000 machine (The POM Group, Auburn Hills) at the University of Louisville fabricated 3D-coupon by layer-by-layer deposition utilizing a 3000-watt CO 2 laser to melt metal powders injected by nozzle and laying down clad tracks on substrate via a Continuous Numerical Computer (CNC) position system. Seven layer coupons. The deposition process and corresponding coordinate system are illustrated in Figure 1 . Six test coupons (Figure 6 ), labeled 1 through 7 were nominally 12 mm wide (x), 14 mm tall (z), and 24 mm long (y). Seven layers of Ti-xAlyFe, having a thickness of about 2 mm, were deposited on a 7 mm thick Ti-6Al-4V substrate. Each deposited layer was about 4 mm thick; however, due to overlap of the layers, each ripple seen in Figure 1 is about 2 mm thick. The flow rate of each nozzle was varied depending on the composition of deposited alloy.
Figure1.
Geometry of a Layer Coupon Showing the Deposition Process Coordinate System Forty nine cell coupon. The combinatorial library of the Ti-xAl-yFe alloys (49 cells in one piece) was made using DMD technique. The DMD forming process and corresponding coordinate system are illustrated in Figure 2 . The DMD made coupons were nominally 28 mm wide (x), 28 mm tall (z), and ~20 mm long (y). The 49 cell coupon was fabricated on the base layer of pure titanium.
The composition and microstructure of the fabricated coupons were studied using optical and scanning electron microscopy (SEM) with energy dispersive X-ray 1 International Mold Steel's Premium H-13 is a Cr-based, hot work die and plastic mold steel with the composition: 0.4wt.% C, 0.4wt.% Mg, 1wt.% Si, 5.25wt% Cr, 1.35wt.% Mo, 1wt.% V, and the balanceFe. The corrosion resistance was measured using immersion test and electrochemical polarization experiments. A three-electrode electrochemical cell was used as the polarization test cell with a 0.8 cm 2 area of the working electrode exposed to the solution. Platinum mesh counter electrodes were used for the cathodic and anodic polarization scans. A standard Ag/AgCl, KCl electrode (SCE) in a Luggin capillary was used as a reference electrode. Prior to the anodic polarization scans, the samples were exposed to test solutions for 12 h to reach a steady-state expected deaerated open-circuit potential (OCP). The anodic potentiodynamic polarization measurements were performed on a EG&G Princeton Applied Research 273A potentiostat at a scan rate 5mV/s. The potential range of the polarization scans was from -1 volt ocp to 1.2volt sce . E pit values were determined by conducting anodic potentiodynamic scans to 2.28 volt sce or until pitting was detected visually or under microscope. The samples were immersed in solution and maintained at OCP for several days and removed from solution before changes in mass were measured. The Hanks solution composition was (g/L): 0. To perform electrochemical measurements by traditional method on the 49 cell sample at once was difficult due to the necessity to attach the working electrode to each cell. This problem was solved with the aid of a textile tape (9) . The electrolyte was made to flow slowly from one beaker to another along a multilayered textile tape ("narrow fabric", 100% cotton). A section of the wet tape was pressed against the specimen surface. Only the area wetted by the tape was exposed to the electrolyte (Figure 3 , 1 (27) 1-8 (2006) ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 54.70.40.11 Downloaded on 2017-10-24 to IP test area) was 4 mm 2 . Guide supports for the tape and specimen were used to facilitate the placing of the tape onto the surface (Figure 3) . Figure 3 . Principle of tape test arrangement. Two mutually perpendicular sections. S -specimen, T -multiple textile tape, RT -tape to reference electrode, R -reference electrode, C -counter electrode, G -glass rod, E -electrolyte, and J -jig (9) .
Results
The DMD process produced the best material when high laser power, high CNC velocity, and low powder flow rate were used. Based on preliminary investigations such as studying the effect of CO 2 laser power, % pass width overlap, melt pool diameter, powder flow rate, the minimum cell size was equal to the thickness of two laser beam tracks (approximately 2 mm). The real compositions of DMD made Ti-xAl-yFe alloys are presented in Figure 4 . Calculated concentrations are found based on the flow rates of feeders. According to the EDS data (point by point method) the real composition of fabricated alloys is close to the calculated one. The cross section samples of 7 layer and 49 cell combinatorial libraries were investigated under SEM ( Figure 5 ). The microstructure of titanium alloys is strongly influenced by processing history and heat treatment. Final microstructure of the Ti-xAlyFe alloy consists of plates of α (lighter regions) separated by β-phase (darker regions). , 1 (27) 1-8 (2006) ) unless CC License in place (see abstract). Seven layer coupons Figures 6 and 7 show the typical OCP-time and cyclic voltammetric curves obtained for the Ti-xAl-yFe alloys in Hank's solution. The presence of the three phases, α, α′, and β, with even distribution of alloying elements, apparently improved the corrosion behavior of the Ti-xAl-yFe with low amount of additives. When the concentrations of Al or Fe were significantly increased uneven distribution of alloying elements in the phases occurred and as a result poor corrosion resistance in biofluids was found.
ECS Transactions
All of the Ti-xAl-yFe alloys exhibited active-to-passive transitions in Hanks solution. The minimum value of passive current density (6.3⋅10 -3 A/m 2 ) was found for the Ti-7Al-4Fe alloy. The value was 263 fold higher than that of pure titanium. The corrosion rate of Ti-7Al-4Fe alloy was 10% of that of the pure titanium, Ti-5Al-4V, and Ti-6Al-4Fe made by traditional melting.
After corrosion test, the surfaces of the samples were analyzed by both optical and scanning electron microscopies. Pitting corrosion was found on the surfaces of several alloys: Ti-25Fe, Ti-18Al-7Fe, Ti-24Al-5Fe, Ti-21Al-5Fe, Ti-17Al-3Fe, and Ti-27Al. , 1 (27) 1-8 (2006) 1.E-06
1.E-04
1.E-02 Another important characteristic of titanium alloys was the resistance to pitting corrosion. Because of difficulties to attach electrode and to prevent the effect of neighbor cells only some of the cells were tested (20 alloys). Pitting corrosion was studied applying electrochemical polarization techniques in Hanks solution. In this test, a cyclic anodic polarization scan was performed at a fixed voltage scan rate. Particular attention was focused on two features of cyclic polarization behavior. The first was the potential at which the anodic current increased significantly with applied potential (the breakdown potential). The data are presented in Figure 8 . , 1 (27) 1-8 (2006) 1.E-07
1.E-05
1.E-03
1.E-01 The second feature was the potential at which the hysteresis loop was completed upon reverse polarization scan. The results are also shown in Figure 8 . In general, once initiated, localized corrosion can propagate only at some potential more positive than the potential at which the hysteresis loop was completed. Repassivation will occur at more negative potentials even after localized corrosion initiation. Therefore, the more positive the potential (known as the protection potential) at which the hysteresis loop was completed, the less likely localized corrosion propagates.
Pits were found to form randomly over the surface which was covered with tape. No preference was detected to the border lines of the exposed area. After single test with potential scan reversal at 5mA, pits were not typically found.
The sensitivity of test results to variations in electrolyte flow rates in the tape was investigated by adjusting the electrolyte levels in the two beakers to various heights with respect to the test surface. By doing this, the flow rate of the electrolyte in the tape at the specimen surface was varied in the range of 0.03 to 0.5 mm/s. These variations in the flow rate had no effect on the results. , 1 (27) 1-8 (2006) ) unless CC License in place (see abstract). 2.The hardness values were found to be higher than those of the Ti-xAl-yFe alloys made by arc melting method.
3.The Ti-xAl-yFe alloys exhibited spontaneous passivity in the artificial physiological media. The electrochemical investigation shows that small amount of iron in titanium alloy improves the corrosion resistance of the alloy in Hanks solution. The mechanisms of the Ti-xAl-yFe alloy corrosion may be related to the martensitic phase transformation because of the rapid solidification and surface remelting during DMD fabrication.
4.The best corrosion resistance was demonstrated by the Ti-5Al-4Fe (corrosion rate 9E-05 mm/yr).
5.Mechanical properties of these alloys satisfy the requirements for biomedical implant materials.
